Abstract: An electrooptically Q-switched Nd:YLF laser end-pumped by an 880-nm laser diode with high energy and short pulsewidth at 1 kHz is demonstrated. The asymmetry of the focal lengths of thermal lens along the a-axis and c-axis is observed, and the cylindrical lens is used to compensate for the thermal lens effect along the a-axis. We experimentally studied the performance of the Nd:YLF laser with different combinations of the output coupler transmission T and the focal length f of cylindrical lens. With T ¼ 40% and f ¼ 300 mm, 9.5-mJ pulse energy, 9.5-ns pulsewidth, and beam quality factors of M 2 x ¼ 1:74 and M 2 y ¼ 1:97 are obtained. Moreover, the relationships between the pulse width and pump power as well as beam transverse mode were experimentally studied and discussed.
Introduction
Q-switched lasers are widely applied in many fields of industry and scientific research. A laser combining high energy, short pulse width, high repetition rates, and good beam quality is required in the laser radar detection [1] , [2] . However, it is not easy to achieve good beam quality output with high pulse energy and short pulse width at high repetition rates. Although the commonly used crystal Nd:YAG is very suitable for high energy pulsed laser output, its performance on the beam quality degrades with the increase of pulse energy and repetition rates because of the serious thermal effects under high pump power [3] - [5] . Another commonly used crystal Nd: YVO 4 is not suitable for high energy output due to its relatively short upper level lifetime, although excellent beam quality could be achieved more easily for its balanced thermal property and natural birefringence [6] - [8] . Since the lifetime of the upper laser level is twice as long as that of Nd:YAG and five times longer than Nd:YVO 4 , resulting in an improved energy storage in the upper laser level, Nd:YLF is preferred for high-energy pulsed operation. In addition, the relatively weak thermal lens effect and natural birefringence of Nd:YLF crystal is very suitable for its application at high repetition rates.
Although Nd:YLF crystal has the advantages of long upper level lifetime and weak thermal effects [9] , [10] , the disadvantages of its fragility [11] and high upconversion rate [10] , [12] under high pump power limit its performance at high pulse energy output condition. In another aspect, despite that the thermal lens effect of Nd:YLF is weak and nearly symmetrical along the a and c axes for the polarized beam [13] , the stimulated emission cross section ð1:2 Â 10 À19 cm 2 Þ is only about two-thirds of that of polarized beam, which will lead to a relatively lower optical to optical efficiency. However, for the polarized output, the beam profile tends to be elliptical because of the asymmetry of the thermal lens effect along the a and c axes [10] , [12] , [13] .
As for the high energy pulsed output with Nd:YLF crystal, some studies have been made in recent years. One of the most successful design is the Nd:YLF slab system with a stable-unstable hybrid resonator developed by Keming Du in 2002 [14] . In 2005, Du et al. reported a diode stack end-pumped electro-optically Q-switched Nd:YLF slab laser with a pulse energy of 25 mJ, a pulse width of 22.4 ns at the repetition rate of 500 Hz, while the beam quality factor M 2 along one dimension was 1.2 [15] . In their following research in 2008, the pulse width was shortened to 7.1 ns with almost the same pulse energy of 24.2 mJ at the repetition rate of 1 kHz and the pump wavelength of 806 nm [16] . Though high energy and short pulse width could be achieved by this stable-unstable resonator design, the beam profile of its output was a rectangular one with a top-hat distribution along one dimension of which the beam quality would be poor. In 2009, Pati and Rinesim demonstrated a 6 mJ pulse energy output with the pulse width of 7 ns at 500 Hz from a 863 nm-LD side-pumped geometry [17] . In 2010, Bollig reported an end-pumped acoustooptically Q-switched Nd:YLF laser with the repetition rate of 5 kHz to 30 kHz, and 10.4 mJ pulse energy was achieved at 5 kHz. However, the pulse width was as long as 70 ns and the beam quality factor was not measured [18] . As far as we know, it is still a challenge to generate a Q-switched Nd:YLF laser with high energy, short pulse width, and diffraction-limited quality from a robust and compact resonator design.
In this paper, we present an diode end-pumped Q-switched Nd:YLF laser by pumping directly into the emitting level by the wavelength of 880 nm, in order to achieve a relatively uniform pump power distribution and decrease the heat load in the crystal to avoid the crystal fracture. The Q-switched output combines a high energy of 9.5 mJ, a short pulse width of 9.5 ns and the good beam quality of M Fig. 1 illustrates the experimental setup of the Q-switched Nd:YLF laser. The laser was consisted of four parts including the pumping module, the Nd:YLF crystal, the laser resonators, and the Q-switching module. In order to realize a compact structure of the laser head and avoid the disturbance of the residual pump light, a V-shaped resonator was used with the cavity length of 210 mm. M1 was a planar output coupler with a transmission of T (T ¼ 30%, 40%, and 50%) at 1047 nm. M2 was a folding mirror, with both surfaces high-transmission (HT) coated at the pump wavelength (880 nm) and one surface high-reflectivity (HR) coated at laser wavelength (1047 nm) at 22.5°. M3 was a plano-concave mirror and its concave surface was high-reflectivity coated at 1047 nm with a radius of curvature of 1 m.
Experimental Setup
The pump light was emitted from a fiber-coupled laser diode, with the core diameter of 400 m, the numerical aperture (NA) of 0.22 and the maximum continuous-wave (CW) output power of 110 W. The polarization state of the pump light was measured as about half to half for the s and p polarized components. The LD was mounted on a thermoelectric cooler (TEC), and the temperature of the TEC was kept at 15°C for wavelength tuning towards 880 nm, which is the absorption local peak wavelength of Nd:YLF. The pump light had a spectral linewidth of 2 nm (FWHM). The pump power incident to the Nd:YLF crystal and the outgoing remaining pump power were measured to find that about 86% to 79% of the pump power was absorbed by the crystal, for that the spectrum would red shift with the increase of the pump power as shown in Fig. 2(a) , and there was no block for the pump power in the crystal. An optical system consisted of four convex lenses (f ¼ 30 mm for two, f ¼ 60 mm for the other two) were employed to expand the waist of pump laser and imaged its beam waist (about 1.2 mm in diameter) into the center of the laser crystal. In our experiment, the pumping module was operated at the repetition rate of 1 kHz with the pulse duration of 500 s.
The laser crystal was an a-cut 1.0 at.% doped Nd:YLF, with a dimension of 4 Â 4 Â 40 mm 3 and both ends anti-reflected (AR) coated at 1047 nm. The crystal was wrapped with indium foil and mounted in a copper sink, which was kept at a constant temperature of 23°C by cooling water. Since the a-cut Nd:YLF can emit laser radiation at -polarization parallel to the c-axis of the crystal at 1047 nm and -polarization perpendicular to the c-axis at 1053 nm wavelength, the polarized beam splitter (PBS) was employed to have stable operation at 1047 nm (-polarization) by adding additional losses for the -polarization. The measured spectrum of the 1047 nm laser output is shown in Fig. 2(b) . Furthermore, the PBS and the two orthogonal placed RbTiOPO 4 (RTP) crystals (5 Â 5 Â 3 mm 3 for each), together with the =4 wave plate realized an intra-resonator Q-switching operation and generated a horizontal polarized output, while all these optical elements were anti-reflected (AR) coated at 1047 nm on both faces for the light passage. A plano-convex cylindrical lens was used to compensate for the thermal lens effect along a propagation direction. In our experiment, three cylindrical lenses with the focal length of f (f ¼ 500 mm, 400 mm, and 300 mm) were used.
Experimental Results
In our experiment, the thermal lens effect of the Nd:YLF crystal was studied first. An interesting phenomenon was observed. It was that the thermal lens focal lengths along x ðcÞ direction and y ðaÞ direction were asymmetric for the -polarized laser beam. The focal length of thermal lens along c axis was much longer than that along the perpendicular direction. To exclude the influence of asymmetrical cooling by the heat sink, the crystal was rotated by 90°so that the c axis corresponded to the y axis, and the thermal lens focal length along c axis was found to be as weak as well. A similar phenomenon was also observed by other researchers [14] - [16] . In [14] , it was claimed that a possible reason was that the thermal conductivity was much larger along c axis. However, through our experimental and theoretical study, this reason does not apply. Detailed analysis for this phenomenon was carefully discussed in another paper by us [19] .
The performance of the quasi-CW operation of the oscillator was studied to make a comparison between the 1047 nm and 1053 nm outputs. A PBS was inserted into the oscillator for longitudinal mode selection. In the experiment, a maximum average power of 18 W at 1047 nm and 10 W at 1053 nm were achieved, respectively, at the maximum absorbed pump power of 43 W and the transmissivity of T ¼ 30% for M1, corresponding to a 40% and 24% optical-optical efficiency individually. It could be seen that much higher transfer efficiency could be obtained for polarization than that for polarization, because of different stimulated emission cross sections between the and polarizations.
The pulse energy, pulse width, and beam quality of the 1047 nm output at the repetition rate of 1 kHz were investigated carefully in our subsequent experiment.
Study on the Pulse Width
First, the Q-switched operation of the Nd:YLF oscillator was investigated without the compensation cylindrical lens. Due to a stronger thermal lens effect along the a axis, the beam quality in y direction became worse with the increase of the pump power, while the beam profile gradually grew to be strip-shaped. Besides, further increase of pulse energy and the narrowing of pulse width were limited. Therefore, a cylindrical lens was used to compensate for the thermal lens effect in y direction. A plano-convex cylindrical lens with the focal length of f (f ¼ 500 mm, 400 mm, 300 mm) was placed in the resonator with the transmissivity of T ¼ 40% and T ¼ 50%. The variations of the output pulse energy and pulse width versus the pump power were shown in Fig. 3 .
It could be seen in Fig. 3 that the output energy with T ¼ 40% was higher than the case of T ¼ 50%, either with f ¼ 400 mm or f ¼ 500 mm, indicating a higher loss for the case of T ¼ 50%.
However, the variation of the pulse width was complex with the increase of the pump power. At pump power lower than 40 W, the pulse width with T ¼ 40% was observed to be shorter than that with T ¼ 50% for the same focal lengths. Longer pulse width obtained with T ¼ 50% at low pump power can be explained by the higher loss at T ¼ 50% decreasing the total roundtrip gain Fig. 3 . Performance of Q-switched output with T ¼ 40%, 50%, and f ¼ 300 mm, 400 mm, 500 mm.
in the cavity. While at pump powers over 40 W, the pulse width did not obey that regulation of below 40 W. What we observed was that the pulse width in the condition of f ¼ 400 mm was shorter than that of the f ¼ 500 mm for the same transmissivity of M1. To study the shorter pulse width for f ¼ 400 mm, the beam quality M 2 factor was measured. It was shown that a better transverse mode was obtained with f ¼ 400 mm than with f ¼ 500 mm at high pump power, because higher geometrical loss introduced by a shorter focal length suppressed the oscillation of high-order modes. It also meant that the pulse width was determined by the loss of the cavity under relatively low pump power and determined by the laser mode under relatively high pump power, and better mode, leading to shorter pulse width.
Study on the Beam Quality
The beam quality under the condition of f ¼ 500 mm was comparatively investigated with T ¼ 40% and T ¼ 50% in the experiment. The variations of the profiles of the near field power distribution of the output beams with the increase of the pump power are shown in Fig. 4 , and the curves of the M 2 factor in x and y directions are shown in Fig. 5 . It was discovered that the beam quality factors in x direction increased with the increase of the pump power for both cases of T ¼ 40% and T ¼ 50%, because of the thermal lens effect of the polarization along x direction got heavier with the increase of the pump power, and the positive lens effect of M3 was eliminated gradually so that the geometry loss decreased. The factor in y direction decreased at the pump powers below 30 W and increase above 30 W. It meant that the focal length of f ¼ 500 mm matched with the pump power of 30 W best. And when the pump power exceeded 30 W, the beam quality along the y direction declined rapidly and the 2D beam profile trended to be an oval one again, while the energy distribution was worse than the pump power below 30 W. At 30 W pump power, the Q-switched output with 5 mJ pulse energy, 10 ns pulse width, and a beam quality factor M 2 ¼ 1:6 was obtained when the f ¼ 500 mm cylindrical lens and T ¼ 50% output coupler were used. Fig. 5 illustrates that the beam quality in both directions at the full pump power would be multimode. To achieve good beam quality at higher pump power, a shorter focal length of the cylindrical lens should be used. With f ¼ 400 mm and T ¼ 40%, the output beam quality at pump power of 45 W, 50 W, and 55 W were measured. In addition, the 2-D beam profiles at the locations of near filed, (A), beam waist (B), and far field (C) of the laser beam, as well as corresponding M 2 factors are shown in Fig. 6 . It is obvious in Fig. 6 that the beam quality at the pump power of 45 W and 50 W, are relatively good with M 2 G 2, however, it degrades to M Then, a cylindrical lens with the focal length of 300 mm was used to compensate for the thermal lens effect at the full pump power of 55 W. The measured beam quality was M Fig. 7 , which described a Gaussian profile of energy distribution along both directions. In addition, the variation of the output energy and pulse width versus the pump power was also presented in Fig. 3. Fig. 3 demonstrates that there was little variation on oscillator output energy or pulse width, with f changing from 300 mm to 400 mm or 500 mm, despite obvious degradation of beam quality, which, once again, proves that good beam quality could lead to a shorter pulse width under same or even lower output energy for the oscillator. Finally, 
Conclusion
In this paper, we presented a 880 nm end-pumped RTP electro-optically Q-switched Nd:YLF laser with excellent performance at 1 kHz repetition rates. The pulse energy and pulse width performances of the oscillator with different parameters of the output coupler and compensation cylindrical lens were experimentally studied. With the thermal lens effect compensated by a f ¼ 300 mm plano-convex cylindrical lens in y direction, laser output with the pulse energy of 9.5 mJ, pulse width of 9.5 ns, and beam quality factor of M 
